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Carboxyl ionizationProteorhodopsins are typical retinal-binding light-driven proton pumps of heptahelical architecture widely
distributed in marine and freshwater bacteria. Recently, we have shown that green proteorhodopsin (GPR)
can be prepared in a lipid-bound state that gives well-resolved magic angle spinning (MAS) NMR spectra in
samples with different patterns of reverse labelling. Here, we present 3D and 4D sequential chemical shift
assignments identiﬁed through experiments conducted on a uniformly 13C,15N-labelled sample. These
experiments provided the assignments for 153 residues, with a particularly high density in the
transmembrane regions (∼74% of residues). The extent of assignments permitted a detailed examination
of the secondary structure and dynamics in GPR. In particular, we present experimental evidence of mobility
of the protein's termini and of the A–B, C–D, and F–G loops, the latter being possibly coupled to the GPR ion-
transporting function.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
While membrane proteins constitute approximately a third of all
proteins, their high resolution structures are signiﬁcantly underrep-
resented in the protein data bank, with only about 200 unique
structures known to date (http://blanco.biomol.uci.edu/). Structural
studies of membrane proteins are particularly important because of
medical relevance, as more than half of membrane proteins are drug
targets. X-ray crystallography is the primary tool for structure
determination of membrane proteins, but solution NMR has been
increasingly applied to membrane proteins as well [1–12]. In
particular, two solution structures, for a membrane-bound disulﬁde
bond forming enzyme, DsbB [13], and diacylglycerol kinase [14]
(DAGK) represent the latest examples of successful application of
solution NMR to multispan α-helical membrane proteins. Yet, it is fair
to say that there are still no universal methodologies for preparation
of well-diffracting crystals for X-ray studies, nor solubilization
conditions for solution NMR. Therefore, structure determination of
membrane proteins remains one of the biggest challenges in
structural biology.
Solid-state NMR (SSNMR) established itself as a promising and
powerful tool for studies of membrane proteins in their lipid
environment (see reviews [15–19] and references therein). In therown),
ll rights reserved.last decade, we have been witnessing a rapid development of magic
angle spinning (MAS) solid-state NMR-based approaches to protein
structure determination. SSNMR is well suited for studies of insoluble
proteins, and has been used extensively to characterize amyloid ﬁbrils
and globular proteins [20–33]. It is also actively employed to study
both the structure and dynamics of membrane proteins in their
native-like lipid-bound state [18,34–41]. A few membrane proteins
had their resonances at least partially assigned by solid-state NMR.
The most complete study to date is that of DsbB [34,35], where the
majority of resonances have been assigned from three-dimensional
solid-state NMR spectra.
In this study we apply solid-state NMR to characterize a recently
discovered ubiquitous eubacterial light-driven retinal-binding proton
pump, green-absorbing proteorhodopsin (GPR) [42]. The structure of
GPR is not known, as it does not produce well-diffracting 3D crystals
[43]. Although GPR shares many conserved residues with its well-
studied archaeal homolog bacteriorhodopsin (BR), especially in the
retinal binding pocket, it also contains many unique residues in the
membrane core, and lacks the extracellular proton-releasing complex,
consisting of the Glu194–Glu204 in BR. Many of the novel details of
proton translocation in GPR are poorly understood [44–49], which
warrants further structural studies.
We have recently reported partial backbone and side-chain
spectroscopic assignments obtained from GPR reconstituted in
lipids [50]. We have used three-dimensional chemical shift
correlation experiments, performed on two samples with reversely
labelled F, L, Y and W, H, Y, I, F amino acids (referred to as FLY
and WHYIF samples, respectively). These amino acids were
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the intramembrane regions with expected high spectral degener-
acy, difﬁculty of the detection due to magnetization diffusion in
bulky sidechains, and proven success in reverse labelling. In the
current study, we have extended multidimensional heteronuclear
NMR to the samples with uniformly incorporated 13C and 15N
isotopic labels (UCN sample in the following). 3D and 4D chemical
shift correlation spectroscopy has led to assignments for a total of
153 out of 238 residues, with a particularly high density of
assignments for transmembrane regions, where ∼74% of the
residues have been identiﬁed in the spectra. This allowed
identiﬁcation of additional structural perturbations in the trans-
membrane domain, detection of ionization states of important
carboxylic acids, as well as elucidation of regions of high mobility.
Our discussion focuses on three major topics: (i) solid-state NMR
methodology and practical considerations of the 3D MAS NMR
chemical shift correlation spectroscopy; (ii) The signiﬁcance of
reverse labelling strategies in the assignment process; (iii)
Dynamics in the loops. In our previous publication, we used 2D
13C–13C correlation spectra to assess the completeness of our solid-
state NMR data. We estimated that most of the protein residues
could be seen in the 2D spectra, but variation of cross peak intensities
indicated a signiﬁcant degree of mobility in GPR. The extent of
chemical shift assignments obtained in the current study allowed us to
reﬁne this information, and provided clear evidence of mobility,
especially in three of the extra-membranous loops and in the termini.
2. Materials and methods
2.1. Materials
Common chemicals of reagent grade were purchased from either
Fisher Scientiﬁc (Unionville, Ontario, Canada) or Sigma-Aldrich
(Oakville, Ontario, Canada). The isotopically labelled 15NH4Cl and
13C6-glucose, and algal extract of 16 13C,15N-labelled amino acidswere
obtained from Cambridge Isotope Laboratories (Andover, MA). The
Ni2+-NTA (nitrilotriacetic acid) agarose resin was purchased from
Qiagen (Mississauga, Ontario, Canada). Lipids were purchased from
Avanti Polar Lipids (Alabaster, AL).
2.2. Expression, puriﬁcation and reconstitution of GPR
The protocols for expressing GPR were described previously [50].
Brieﬂy, BL21-Codonplus-RIL cells were transformed with a plasmid
encoding C-terminally 6×His-tagged GPR, and cultured in
M9 minimal medium at 30°C, using 4 g of uniformly labelled 13C6-
glucose, 1 g of 15N-ammonium chloride, and 250mg of algal extract of
16 13C,15N-labelled amino acids per litre of culture as the carbon and
nitrogen sources. The expression of GPR was induced by 1 mM IPTG
when the cell density reached A600= 0.4 OD. Retinal at a
concentration of 7.5 μM was added exogenously at the time of
induction to regenerate the expressed opsin. The harvested cells were
pre-treated with lysozyme (12 mg per litre of culture) and DNAse I
(600 units per litre of culture), and subsequently broken by
sonication. The membrane fraction was solubilized in 1 % Triton X-
100 at 4 °C, and puriﬁed following the batch procedure described in
the Qiagen Ni2+-NTA resin manual. Approximately 15 mg of GPR was
puriﬁed from one litre of culture. The molar amount of GPR was
determined by the absorbance of opsin-bound retinal, using the
extinction coefﬁcient of 44,000 M−1cm−1 [45].Fig. 1. (A) 2D 13C–13C chemical shift correlation spectrum of the UCN sample at 800 MHz 1H
enlarged region between the UCN, WHYIF, and FLY [50] samples. Acquisition parameters w
time (2048×5.4 μs) with TPPI phase-sensitive detection, a 20.48 ms t2 acquisition time (10
apodization functions and zero ﬁlled to 16384 (t1)×4096 (t2) prior to taking the Fourier tran
applied in both the indirect and direct dimensions. The ﬁrst contour is cut at 5×σ, with eaLiposomes were prepared by hydrating dried DMPC and DMPA
mixed in 9:1 ratio (w/w), and mixed with puriﬁed GPR solubilized in
detergent, at a lipid:protein ratio of 1:2 (w/w). The mixture was
incubated for 1 h at room temperature before adding Bio-beads for
detergent removal. Proteoliposomes were collected by ultracentrifu-
gation at 150,000×g for 1 h. The presence of lipids in the reconstituted
sample was reconﬁrmed by weighting as well as by mass spectros-
copy. The uniformity of lipid reconstitution was assured by the
narrow linewidth of the carbon and nitrogen NMR spectra. The
functionality of the protein in our samples was tested using visible
and FTIR spectroscopy as was explained previously [50].
2.3. MAS SSNMR spectroscopy
Approximately 12 mg of UCN GPR sample was transferred and
center-packed in a thin wall 3.2 mm rotor. All SSNMR experiments
were performed on a Bruker Avance III spectrometer operating at
800.230MHz equippedwith 3.2mmE-free 1H–13C–15N probe (Bruker
USA, Billerica, MA). The MAS frequency was 14.3 kHz and the sample
temperature was maintained at 5 °C in all experiments. Three-
dimensional NCOCX, NCACX, and CONCA chemical shift correlation
experiments were performed using previously described pulse
sequences [50,51].
Four-dimensional CONCACX chemical shift correlation experi-
ments were recorded as described previously [35,52]. The 4D time
domain matrix was 24(t1)×36(t2)×48(t3)×1024(t4, complex), with
t1, t2, t3, t4 increments of 190 μs, 212.5 μs, 95.5 μs, and 20 μs,
respectively. The carrier frequency was placed at 176.5, 116.5, 57.0,
and 120.0 ppm for nitrogen and carbon chemical shift evolution in t1
(CO), t2 (N), t3 (CA), and t4 (CX) dimensions, respectively.
The typical π/2 pulses were 2.5 μs for 1H, 4 μs for 13C, and 6 μs for
15N. 1H/15N cross-polarization (CP) [53] contact time was 1 ms, with
the constant radio-frequency (r.f.) ﬁeld of 50 kHz on nitrogen, and
with the proton lock ﬁeld ramped linearly around n=1 Hartmann-
Hahn condition [54] (10% ramp, optimized experimentally). 1H/13C
CP contact time was 2 ms, with the constant r.f. ﬁeld of 64 kHz on 13C
and with the proton ﬁeld ramped linearly around n=1 Hartmann–
Hahn condition (10% ramp). 15N/13Cα and 15N/13C′ transfers [55]
were implemented with a contact time of 6 ms. For 15N/13Cα CP, a
constant lock ﬁeld of 2.5×νr (νr=ωr/2π spinning frequency) ﬁeld
strength was applied on 15N, while the 13C ﬁeld was ramped linearly
(10% ramp) around 1.5×νr. For 15N/13C′ transfer, a constant lock ﬁeld
of 3.5×νr ﬁeld strength was applied on 13C, while 15N ﬁeld was
ramped linearly (10% ramp) around 2.5×νr. The CW decoupling
during 13C/15N CP steps was always 90 kHz. The length of the
Gaussian selective pulse was 136 μs. SPINAL64 decoupling [56] of
80 kHz was used during indirect and direct chemical shift evolutions.
A single NCACX experiment was recorded with 50 ms DARR mixing,
and two NCOCX experiments were performed with 50 ms and 100 ms
DARR mixing times, respectively. 4D CONCACX experiments were
recorded with 35 ms DARRmixing time. The recycle delay was 1.8 s in
all 3D and 4D experiments, with 16 scans per point.
2.4. Data analysis
The carbon chemical shifts of the UCN sample were indirectly
referenced to 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS)
through the 13C adamantane downﬁeld peak resonating at
40.48 ppm [57]. The nitrogen chemical shifts were referenced
indirectly [58] by using the ratio of gyromagnetic ratios γN/frequency with 1.26 ms of SPC53 mixing. (B) Comparison of the 60/40 ppm-centered
ere as follows: 100 kHz 1H CW decoupling during SPC53 mixing, 11.1 ms t1 acquisition
24×20 μs), and 1.8 s recycle delay. Data were processed with Lorentzian-to-Gaussian
sform. 40 Hz of Lorentzian line narrowing and 80 Hz of Gaussian line broadening were
ch additional level multiplied by 1.3.
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To minimize slight systematic variations in peak positions between
spectra from different samples (these variations are most likely due to
slight variations in the sample preparation conditions, e.g., protein:
lipid ratio, and/or experimental settings such as temperature, and
usually do not exceed ±0.2 ppm), all spectra from FLY and WHYIF
samples were referenced using resolved and intense CO[T177]-N
[A178]-CA[A178], N[A178]-CA[A178]-CX[A178], and N[A178]-CO
[T177]-CX[T177] cross-peaks as internal references in the CONCA,
NCACX, and NCOCX spectra, respectively.
Experimental data were processed with NMRPipe [60]. The
processing parameters for 3D data were described previously [50].
The 4D data was apodized with Lorentzian-to-Gaussian function
and zero ﬁlled to 128(t1)×256(t2)×256(t3)×2048(t4, complex)
prior to taking the Fourier transform. 16 Hz of Lorentzian line
narrowing and 48 Hz of Gaussian line broadening were applied to
the t2 15N indirect dimension, 40 Hz of Lorentzian line narrowing
and 100 Hz of Gaussian line broadening were applied to the t1 13CO
and t3 13CA indirect dimensions, 40 Hz of Lorentzian line narrowing
and 80 Hz of Gaussian line broadening were applied to the t4 13CX
direct dimension. Peak picking and noise analysis were performed
in the CARA environment [61].Fig. 2. A comparison of spectral resolution of the 2D NCACX and 3D NCACX spectra. Certain am
3D spectra are according to the previously published data [50].3. Results and discussion
3.1. Efﬁciency of reverse labelling
First, we analyze the efﬁciency of the reverse labelling. The
importance of reverse labelling as an efﬁcient way of simpliﬁcation of
solid-state NMR spectra has long been recognized [38,62]. We are
particularly interested in the reverse labelling efﬁciency because its
completeness is a critical assumption in our assignment strategy, i.e.,
wrong assumptions about the degree of unlabelling could result in
erroneous assignments.
In Fig. 1A, we show the aliphatic region of the 2D 13C–13C SPC53
spectrum collected from the UCN sample, with all peaks labelled
according to our assignments. Only four of the peaks assigned from
the 3D experiments are not observed in this spectrum: F205 CA/CB
at 58.7/36.3 ppm, I112 CG1/CD1 at 26.5/15.8 ppm, M146 CB/CG at
38.0/32.1 ppm, and I193 CB/CG2 at 36.5/19.0 ppm. F205 is located
at the edge of the F helix and is probably quite mobile. The 3D
correlations for F205 are also quite weak, likely because of the
dynamics at the interface (see below for further discussion on
dynamics). The remaining three missing cross peaks all correspond
to side chain correlations. Two of the residues, M146 and I112, areino-acid speciﬁc regions are indicated in the 2D NCACX. The assignments shown in the
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motion as well.
With the number of current assignments obtained from the
combined analysis of the WHYIF, FLY, and UCN samples, we can
conﬁrm that in the BL21-Codonplus-RIL Escherichia coli strain the
reverse labelling for carbon atoms in Trp, His, Phe, Tyr, Leu, and Ile is
nearly 100% efﬁcient. This is corroborated by examining the 2D 13C–
13C correlation spectra shown in Fig. 1B, which compare the spectral
regions around 60/40 ppm along the F1/F2 dimensions in the UCN,
FLY, andWHYIF samples. Most CA/CB correlations for Phe, Ile, Tyr, and
Leu are expected to be in this region. Most peaks corresponding to the
unlabelled amino acids completely disappear from the spectra of
reversely labelled samples, indicating the high efﬁciency of reverse
labelling. Some visible exceptions occur when the cross peaks of
unlabelled residues overlap with those of labelled residues. For
example, L41 CA/CB correlation at 58/39 ppm overlaps with
unassigned Asp or Asn cross peaks. Furthermore, the relative
intensities of resonances of unaffected amino acids are generally not
altered by the reverse labelling of W, H, Y, I, F, L, indicating minimal
scrambling between amino acids types, as expected from a number of
earlier studies cited above.
The reverse labelling of nitrogen is generally more complicated.
In some simple cases, it can be assessed directly from the 1D 15N
spectra (not shown). For example, we found that the ND1/NE2
atoms of His are almost entirely unlabelled. The effect of
transamination from alanine to valine amides has been described
in the literature [38,62,63], but little is known about other types
of amino acids. Our analysis of the heteronuclear NCOCXFig. 3. An example of two-dimensional planes of the (A) 3D NCACX and (B) NCOCX experim
assigned in these planes, but only a few assignments are indicated for simpliﬁcation purp
multiplied by 1.2.correlation spectra indicates a very complicated transamination
pattern, with all reversely labelled amino acids being susceptible
to transamination.
3.2. Spectral resolution in two-dimensional and
three-dimensional spectroscopy
Lipid-reconstituted samples of GPR yield NMR spectra with typical
line widths on the order of 0.5–0.6 ppm for carbon, and ∼0.7 ppm for
nitrogen resonances. An example of the 2D NCACX correlation
spectrum collected on the WHYIF sample is shown in Fig. 2. This
spectrum has many well-resolved resonances, some of which can be
easily identiﬁed by residue type, e.g. threonines, glycines, etc. Yet,
there is a considerable degree of spectral overlap and degeneracy
which makes the application of 2D-based assignment strategies very
difﬁcult for GPR. The straightforward approach to simplify the data
analysis is to extend the experiment to a third dimension. As was
discussed in a number of publications [64–66], the minimal set of 3D
experiments includes NCACX, NCOCX, and CONCA correlations.
Although the sensitivity of these 3D experiments is lower than that
of 2D–the 2D NCACX in Fig. 2 was collected in 8.7 h, while the 3D took
∼3.5 days–the beneﬁts are overwhelming. Many spin systems can be
uniquely identiﬁed with sufﬁciently high sensitivity, as can be clearly
seen in the lower panel of Fig. 2, where nearly the entire side chain of
Lys172 is observed with up to 3 bond transfers. Likewise, the entire
side chains for Leu113 and Leu135 are detected, whichmakes building
spin systems and their assignment to an amino-acid type a
straightforward task. Thus, the spectral simpliﬁcation offered by 3Dents with 50 ms of DARR mixing performed on the UCN sample. Most of the peaks are
oses. In both spectra, the ﬁrst contour is cut at 4σ, with each additional contour level
Fig. 4. Sequential walk from I193 to I199 through the NCOCX, CONCA, and NCACX spectra. Each strip is an N-C 2D plane cut at the indicated chemical shift. The 15N axis is 2 ppmwide.
Each block of the three spectra, NCOCX, CONCA, and NCACX, represents an extended CX[i-1]-N[i]-CX[i] spin system. For example, the I199 NCACX peaks are associated to A198–I199
CONCA peaks through matching N and CA shifts, the A198 NCOCX peaks are associated to A198–I199 CONCA peaks through matching N and CO shifts. It is linked to the preceding
system through the entire three carbon shifts of A198 that are present in both NCACX and NCOCX spectra.
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reducing chances of misassignment.
In our previous study, we have sequentially assigned 103 residues
in a series of three-dimensional chemical shift correlation experiments,
performed on FLY andWHYIF samples. Many more spin systems were
identiﬁed but could not be assigned, largely because of the interrup-
tions in the backbone walk introduced by the reverse labelling.
In this study, the experiments have been extended to a sample
with uniformly incorporated 13C,15N labels. The established protocol
for 3D-based sequential assignment involves building extended CX[i-
1]-N[i]-CX[i] systems and the assignment of the spin systems to
amino acid types, linking the extended systems into contiguous
fragments, and mapping the constructed fragments to the protein
amino acid sequence. In the ﬁrst step, the CO[i-1]-N[i]-CA[i] peaks are
detected and picked in the 3D CONCA spectrum. These peaks are
matched to the N[i]-CO[i-1]-CX[i-1] and N[i]-CA[i]-CX[i] series of
peaks in the NCOCX and NCACX spectra, through matching N[i]-CO[i-
1] and N[i]-CA[i] pairs of shifts, respectively. The NCOCX and NCACX
experiments have high sensitivity and allow detection of nearly entire
side chains for the aliphatic residues. Two examples of the 2D planes
extracted from the 3D NCOCX and NCACX experiments are shown in
Fig. 3. For instance, the entire side chains are clearly detectable for
I106, I194, and V241 in the NCACX spectrum in Fig. 3A, and for T29,
V229, and V45 in the NCOCX spectrum in Fig. 3B.
High signal-to-noise ratio of the spectra and detection of full side
chains greatly facilitate identiﬁcation of the amino acid type and
building contiguous fragments. The fragments are built by simulta-
neously matching CX[j-1] and CX[i] shifts between the two extended
systems, CX[i-1]-N[i]-CX[i] and CX[j-1]-N[j]-CX[j], which is performed
using Autolink [67] in the CARA environment [61]. When CX[j-1] and
CX[i] shifts match, the two extended spin systems are merged into a
three residue fragment by setting j= i+1.Fig. 5. 2D strip plots for W197 in the (A) UCN and (B) WHYIF samples. UCN stripsA strip plot for the fragment of 7 residues from I193 to I199
assigned in the UCN sample is shown in Fig. 4. The linking for themost
part relies on matching shifts of three carbon resonances or more, and
is therefore very reliable. The only visible exception is the linking of
W197 with G196 and A198. Generally, identiﬁcation and linking of
aromatic residues is more difﬁcult because of the heavy overlap in
their NCA and NCO regions, and since the signals from these residues
are weaker because of the magnetization diffusion to the ring carbons
[68]. In this sense, linking G196–W197–A198 requires additional
information from the reverse labelling and deserves a special
discussion.
Fig. 5 compares 2D strips from the CONCA, NCACX, and NCOCX
spectra recorded in the UCN and WHYIF samples (the UCN strips
are the same as those in Fig. 4, and shown here for direct
comparison). It is clear from the NCACX spectra in Fig. 5A that the
CB peak is missing in the W197 pattern, most likely because of the
magnetization diffusion to the bulky indole ring [68]. It is also
apparent that W197 has degenerate N, CO, and CA shifts in both
NCOCX and NCACX planes. The information on the W197 chemical
shifts can be obtained from the resolved peaks in the CONCA
spectrum: the CO[W197]-N[A198]-CA[A198] peak identiﬁes the
shift of W197C' whereas the CO[G196]-N[W197]-CA[W197] peak
gives the shift of W197CA. The W197–Ala198 linking can still be
performed based on the pair of W197 C' and CA shifts. Further
conﬁrmation of the sequential assignment of W197 resonances
comes from the comparison with the spectra of the reversely
labelled samples. In particular, the intense and well-resolved CO
[G196]-N[W197]-CA[W197] and CO[W197]-N[A198]-CA[A198]
cross-peaks found in the spectra of the UCN sample disappear in
the spectra of the WHYIF sample shown in Fig. 5B. These peaks
remain intact in the spectra of the FLY sample (not shown),
supporting the assignment of the W197 resonances.are reproduced from Fig. 4. Only peaks relevant to the discussion are labelled.
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A combined analysis of the 3D experiments conducted in the three
samples, FLY, WHYIF, and UCN, has resulted in backbone and side
chain assignments for a total of 153 residues, but some spectral
regions were found to be not sufﬁciently resolved. In an attempt to
resolve this remaining ambiguity and to evaluate the feasibility of 4D
spectroscopy in membrane proteins, we acquired a 4D CONCACX
spectrum on the UCN sample. The performance of the 4D CONCACX
experiment was analyzed in detail in a small globular protein GB1
[52], and in a much more challenging case of the membrane-
embedded DsbB [35]. The main challenge for 4D spectroscopy in a
membrane protein is its relatively poor sensitivity. In GPR, the
CONCACX experiment took about 2 weeks. A total of 83 spin systems
could be identiﬁed, matching well with the 3D spectra, and
conﬁrming many of the assignments. In most cases, the CONCACX
polarization transfer scheme has resulted in reliable cross-peaks
corresponding to one bond transfers (i.e. CA-CB and CA-CO). In some
cases, however, two bond transfers could be seen, e.g., for Val133 and
I154 in Fig. 6. Further S/N improvement will likely be required for 4D
spectroscopy to become routinely feasible in SSNMR of membrane
proteins. In the case of GPR, this can probably be achieved by
conducting experiments at lower temperature, provided that appro-
priate freezing conditions that do not lead to substantial line
broadening can be found. This optimization is currently under way
in our laboratory.
3.4. Summary of the resonance assignments
Based on the analysis of the 3D and 4D experiments performed on
the UCN, WHYIF, and FLY samples, we have assigned 153 residues, or
727 15N and 13C atoms (Table S1), with a particularly high density of
assignments for intramembrane amino acids. Besides the subtle
differences (within 0.3 ppm) due to the internal referencingFig. 6. Representative two-dimensional F3–F4 plaprocedure described above, only a few minor conﬂicts with the
previously published results [50] were found and corrected. First, the
assignments of T29–G30 and T206–G207 fragments were corrected:
T206–G207 pair could now be assigned unambiguously as part of a
long fragment. Second, an assignment of M190C' was removed as not
being reliable because of the spectral overlap, and 13C shifts of T44C'
and P103C' misassigned in the previous work were corrected. Third,
chemical shift positions of 9 13C resonances (S43 CA, S43 CB, L113 CA,
M134 CB, L135 CB, M190 CG, G203 C, K231 CG, and N240 CA) have
been adjusted by 0.3–0.5 ppm, which was made possible by the
improved signal-to-noise ratio and better deﬁned line shapes in the
U–13C,15N spectra. Finally, a backbone 15N shift of Asn224 was
adjusted by 0.4 ppm. The assigned chemical shifts have been
submitted to BioMagResBank (BMRB entry 15955).
3.5. Protein secondary structure and ionization states of carboxylic acids
The chemical shift-based secondary structure analysis is shown in
Fig. 7A. In addition to the previously detected proline kink at L100 in
the helix C, and a non-proline π-bulge at the Schiff base-forming K231
in the helix G, we can identify a number of other distortions. Some of
them occur at the edges of the helices, e.g., G141, but many are buried
inside the transmembrane core, including those at F73, W98, L135,
and W197.
The two Trp residues, W98 and W197, are the homologs of the
retinal-ﬂanking W86 and W182 in BR. The unusual conformation of
W98 and W197 in GPR may be caused by a steric conﬂict with the
retinal chromophore. Additionally, W98 and L135 may be in a close
contact as both are located one helical turn from the site of a tight
interhelical interaction, predicted from the homology with BR. In GPR,
the interacting hydrogen-bonded pair T90–D115 is replaced by the
V102–S131 pair, which may allow for a closer interhelical contact,
causing a steric clash between W98 and L135 with local distortion of
the helices.nes of the 4D CONCACX experimental data.
Fig. 7. (A) Chemical Shift Index analysis for GPR. Positive indices indicate α-helical structure, while negative indices show β-strand elements and other deviations from helicity.
Helices, predicted by the homology modeling, and reﬁned from the CSI values, are shown as rectangles on top. (B) Overall transmembrane architecture of GPR. The general topology
was taken from the homology modeling, and reﬁned using the CSI analysis. The signal peptide cleavage site was predicted using SignalP 3.0 Server [80, 81] (http://www.cbs.dtu.dk/
services/SignalP/). Assigned residues are shown as ﬁlled circles.
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of GPR is quite short, comprised of only 18 residues, much shorter
than in BR, but similar to that in XR [69]. The helix F, connected to it by
an extra-membranous peripheral helix, is quite long, containing 26
residues.
The current set of assignments allows assessing the ionization
states of carboxylic acids. In addition to earlier assignment of
functionally important Asp227 [50], which forms a part of the Schiff
base counterion, we have determined the chemical shift of Asp97, its
primary proton acceptor. As expected from homology with BR and
FTIR measurements [47], both of these residues are deprotonated,
with Asp227 Cγ signal at 178.1 ppm, and that of Asp97 at 175.4 ppm.
The latter value, although somewhat low for a deprotonated aspartic
acid, is very close to the value measured for the homologousdeprotonated Asp85 in BR [70], with the protonated Asp85 resonating
∼4 ppm lower [71]. The anomalously low value can be explained by
the strong hydrogen bond between Asp97 and water molecules
present in the active site [47]. Interestingly, the absolute positions and
the differences in the chemical shifts of the two counterion carboxyls
(Asp97 and Asp227 of GPR, and Asp85 and Asp212 of BR), are almost
identical for the two proteins, despite the observed differences in their
proton afﬁnities [44] and the photochemistry of the two proteins
[47,72].
Additionally, we have determined the ionization state of Glu165,
which is located close to the cytoplasmic surface and appears to be
deprotonated. This is what can be expected from rather polar
character of the cytoplasmic end of the helix E, which is in high
contrast to the homologous non-polar region in BR.
Fig. 8. 2D skyline N-CA projection of 3D NCACX and CONCA spectra of the UCN sample. The ﬁrst contour is cut at 5×σ, with each additional level multiplied by 1.2. Detected but
unassigned cross peaks are labelled as Gxx1, Gxx2, etc.
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Fig. 7B summarizes the extent of assignments obtained in GPR.
Most of the unassigned residues comprise contiguous fragments,
mainly located in the tails, loops (A–B, C–D, F–G), or at the edges of
the helices. This suggests that local dynamics may play a signiﬁcant
role [38,73] and result in partial or complete averaging of dipolar
interactions.
Information on dynamics can be deduced from the analysis of
relative peak intensities. Glycines are distributed throughout both
transmembrane and loop regions and are good candidates for such
analysis because we have assigned all transmembrane glycine
signals. There are 23 glycines in GPR, 21 of which are detected in
the 3D spectra. Fig. 8 shows a 2D NCA projection of the NCACX
spectrum, in which all ten glycines located in the transmembrane
regions and six extra-membranous glycines are shown with their
assignments.
The remaining ﬁve cross peaks corresponding to glycyl residues,
detected in the 3D spectra but unassigned, are denoted as Gxx1, Gxx2,
etc. These peaks must correspond to the residues located either in the
C–D or F–G loops, or in the N-terminus. They are generally of lower
intensity in the 3D NCACX spectrum, consistent with increased
mobility of the loops and the termini. Compared to NCACX, the CONCA
transfer involves an extra dipolar-driven polarization transfer step,
and is expected to be more sensitive to motion. Thus, the attenuated
relative intensities of Gxx1, Gxx4, and Gxx5, cross peaks of extra-
membranous G81, G87, and G207, and of the interfacial G30 in the
CONCA spectrum (Fig. 8) serve as further evidence of the increased
dynamics in the loop and termini regions. On the other hand, the
relative intensities of the G144, G169, and G171 peaks are much less
affected in the CONCA because their mobility is restricted by the local
peripheral secondary structure.
Similar information can be retrieved from the analysis of serine
correlation patterns: there are nine unassigned serines, three of which
are located in the termini, three in the loops, and the remaining three
are in the helices. In a combined analysis of the three 13C–13C
correlation spectra from the UCN, FLY, and WHYIF samples shown in
the Supplemental information (Figure S1), we can identify only six
very weak CA/CB serine correlations, again indicating a high degree of
dynamics affecting the efﬁciency of dipolar-driven polarization
transfers for these residues.
The mobility of the F–G loop may be coupled to the GPR ion-
transporting function. In comparison to its structural and functional
archaeal homolog, bacteriorhodopsin, GPR lacks the pair of
glutamates which form part of the proton release complex
(Glu194 and Glu204). This pair is typical for halobacterial and
fungal rhodopsins, but quite uncommon in eubacterial rhodopsinssuch as proteorhodopsins [74]. In particular, in GPR the Glu194–
Glu204 pair is replaced with the hydrophobic Leu209–Leu219
residues, located in the F–G loop, and in the helix G, respectively.
The F–G loop contains three glycines and a serine, which may
impart it a structural ﬂexibility, in accordance with our previous
conclusion that both glycyl and seryl residues located in the loops
are mobile. Our hypothesis is that the F–G loop may act as a
hydrophobic plug, transiently exposing a hydrophilic cavity in the
extracellular half of the proton translocation pathway in GPR. This is
in line with a recent X-ray structure of a distant carotenoid-binding
homolog of GPR, XR [69], where such a cavity was observed, while
most of the F–G loop was disordered, possibly due to its high
mobility. Based on homology modeling, this cavity in GPR could
include such polar residues as Glu142 and Tyr223, and extend deep
into the intramembrane region to reach Arg94.
In summary, we have demonstrated an efﬁcient approach to the
chemical shift assignments of membrane proteins based on the
combined use of multidimensional (3D, 4D) chemical shift correlation
spectroscopy and reverse labelling schemes. The major hurdle for
completing assignments is the mobility of the protein, which results
in decreased efﬁciency of dipolar-driven polarization transfers for the
mobile residues. In this respect, we would like to propose two
approaches. Firstly, in our observation, the use of sparse labelling
helps improve sensitivity of the measurements, and can result in
many additional assignments. Secondly, the application of hetero-
nuclear J-spectroscopy [38,75–79] is of a great interest, and will likely
result in additional assignments for mobile residues, especially in the
loops and tails. The J-driven methods can become even more
beneﬁcial if combined with extensive deuteration of GPR thus
improving its relaxation properties. This work is in progress in our lab.
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